Purpose Fungal keratitis is relatively rare in temperate climates with only one previous population-based study, which reported a minimum annual incidence of 0.32 per million population in the United Kingdom. We performed a nationwide study in the Republic of Ireland of cases over a 6-year period to establish the incidence, risk factors, treatment, and outcomes of fungal keratitis. Patients and methods All corneal scraping specimens positive for fungal species over a 6-year period were identified at the microbiology departments of the seven main ophthalmology units in the Republic of Ireland. Census data was used to establish national minimum annual incidence. Results Forty-two eyes were treated for confirmed fungal keratitis during the 6-year period. This resulted in a minimum incidence of 1.53 cases per million population per year. Twenty-eight of 42 cases (67%) were due to filamentary fungi, with the most common species being Aspergillus. Pre-existing ocular surface disease was the most common risk factor constituting 42.9%; 26.2% underwent keratoplasty. No eyes underwent evisceration. Two eyes resulted in a level of vision of no perception of light. The mean LogMAR acuity in the remainder of cases was 0.89 with a range from − 0.10 to 4.00. Conclusion This study demonstrates a much higher minimum annual incidence than previously reported. The causative organism is highly related to risk factor. The range of visual outcomes remains broad in all subgroups. The wide range of outcomes and treatments used highlights the need for better evidence-based guidelines for fungal keratitis.
Introduction
In the tropics, 21-62% of all culture positive microbial keratitis cases are caused by fungi, predominantly by filamentary fungi of the Fusarium and Aspergillus species. It most commonly occurs in men and the main risk factor is trauma. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] Many large case series from a variety of tropical countries have been reported, in contrast to a small number of singleinstitution case series from temperate areas of the world including the United States, [14] [15] [16] [17] Australia, 18 and the United Kingdom. 19, 20 In temperate climates, it appears to be a rare disease with only 1-5% of cases of microbial keratitis due to fungi. 14, 18, 19 Though less common, it remains a severe disease requiring therapeutic keratoplasty in 12-48% of cases and enucleation in up to 6% of cases. 14, 16, 18, 19 Chronic ocular surface disease and contact lens wear 12 are the main risk factors in temperate areas. Affected individuals tend to be older, and a higher proportion are female. 15, 21 Until recently, Candida was recognized as the most commonly identified species in temperate areas, 14, 15 however a recent study from London has reported that the microbiological patterns of fungal keratitis are changing. In that study 70% of cases of fungal keratitis were due to filamentary infections, with Fusarium species the most common species. 20 Only one population-based study of the prevalence, risk factors, causative organisms, and clinical outcomes of fungal keratitis in temperate regions has been reported to-date. 22 The aim of this study is to report the epidemiological, clinical, and microbiological features of all confirmed fungal keratitis cases in the Republic of Ireland, a temperate country, in a 6-year population-based study.
Materials and methods

Inclusion criteria
All corneal scraping specimens positive for fungal species by culture, microscopy, or molecular biological analysis over a 6-year period were identified at the microbiology departments of the seven major ophthalmology units in the Republic of Ireland. All such patients were included in this study.
Exclusion criteria
Patients were excluded from further analysis if the treating clinician decided that the clinical picture was not consistent with fungal keratitis and the infection resolved without any antifungal treatment. In such cases, the positive fungal result was deemed to be non-pathogenic or due to a contaminant.
Clinical and microbiological record review
Demographic details recorded included patient age and gender. Risk factors for fungal infection including history of recent trauma to the eye, contact lens use, previous corneal surgery, pre-existing ocular surface disease, use of topical steroids at the time of onset of symptoms, use of other topical ophthalmic medications, and recent travel to the tropics were recorded. Results of microscopy, fungal culture or fungal RNA, or DNA assays were documented. Microscopy was performed using Gram stain and fungal culture was performed using Sabouraud dextrose agar as standard in all units. Culture with blood agar and chocolate agar plates was also routinely performed. In vivo confocal microscopy was not available in any unit. The species of fungus cultured and the reports of sensitivities to antifungal agents were recorded. All topical, intrastromal, intracameral, oral, or intravenous antifungal agents used and all surgical treatments employed to control the infection were recorded. Date of onset of symptoms based on history and date of commencement, and discontinuation of antifungal treatment was documented. Visual outcome was recorded as the best recorded visual acuity either unaided, with refractive correction or using pinhole following resolution of the infection and discontinuation of antifungal medication. All visual acuities were converted to LogMAR and patients with no perception of light or perception of light only were not designated a LogMAR visual acuity, but were reported separately in the results as per Holladay. 23 Multivariable regression analysis to investigate associations between age, history of chronic ocular surface disease, history of contact lens wear and history of trauma, and risk of developing fungal keratitis due to yeast vs filamentary species was performed and a P-value of o0.05 was considered statistically significant.
Epidemiological analysis
The incidence of confirmed fungal keratitis was calculated using the National Census for the Republic of Ireland in 2011, which recorded the population at 4 588 252. The minimum incidence of fungal keratitis is reported as the number of cases per year per million population. 24 
Results
Patient demographics and incidence of fungal keratitis
Forty-two eyes of 42 patients were treated for confirmed fungal keratitis during the 6-year period. From this we calculated a minimum incidence of 1.53 cases per million population per year. Twenty-four (57.1%) patients were male, 18 (42.9%) were female. The age at time of diagnosis ranged from 19 to 85 years with a mean age of 47.4 years (SD 20.7).
Risk factors for fungal keratitis
The distribution of risk factors is illustrated in Figure 1 . In 2 patients (4.8%), no risk factor for fungal keratitis was identified.
Ocular surface disease. Eighteen eyes (42.9%) suffered from pre-existing ocular surface disease. These included 8 eyes (19.0%), which had previously undergone penetrating keratoplasty. The indications for keratoplasty included scarring following trauma, Stevens-Johnsons syndrome, Hurlers syndrome, rheumatoid melt, endothelial dystrophy, interstitial keratitis, herpes simplex keratitis, and lattice dystrophy (one for each indication). The other ocular surface conditions included corneal exposure, previous bacterial keratitis, previous acanthamoeba keratitis, recent corneal collagen crosslinking, ectropion, pseudophakic bullous keratopathy (one for each of these) and the use of preserved topical anti-glaucoma medications (two eyes).
Topical corticosteroid use. Twelve patients (28.6%), including all eight of the patients with a history of corneal transplantation and four other patients with other ocular Figure 1 Risk factors for the development of fungal keratitis. 
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Eye surface disorders, were taking topical steroids at the time they developed fungal keratitis.
Contact lens wear.
A total of 17 patients (40.5%) were wearing contact lenses at the time fungal keratitis developed. Three patients (7.1%) were wearing a bandage contact lens for ocular surface disease. Fourteen patients (33.3%) wore prescription contact lenses with no other risk factor. The contact lenses were daily disposable in five cases, monthly disposable in seven cases, extended wear in one case, and in one case the contact lens type was not specified. Two patients had worn their daily contact lenses overnight and one patient had recently been swimming with contact lenses in situ.
Trauma. Eight eyes (19.0%) developed fungal keratitis following corneal trauma. The cause of the trauma included a fingernail (three eyes), wood (two eyes), a tree branch (one eye), silage (processed grass) (one eye), and a metallic foreign body (one eye). The mean age of the patient at time of diagnosis was 62 (SD 21.2) years in the ocular surface disease group, 40 (15.8) years in the contact lens group, and 51 (18.6) years in the trauma group. The mean time from the onset of symptoms to commencement of treatment was 18 days (range 0-98 days, SD 25.9 days) in the ocular surface disease group, 20 19 .0) days in the contact lens group, and 26 (0-104, 36.4) days in the trauma group.
Multivariable regression analysis to investigate associations between age, history of chronic ocular surface disease, history of contact lens wear and history of trauma, and risk of developing fungal keratitis due to yeast vs filamentary species resulted in P-values of 0.67, 0.90, 0.83, 0.51, respectively, showing that the trends described above do not reach statistical significance in this series of 42 cases.
Microbiology results
Thirty-eight patients (90.5%) had positive fungal culture. Two cases (4.8%) had positive microscopy with negative culture. These cases had signs consistent with fungal keratitis. One case (2.5%) had positive microscopy and culture, and 1 case (2.5%) had positive fungal PCR assay with negative microscopy and culture. Microscopy was performed using Gram stain. KOH staining was not performed in any of the units.
The organisms identified are shown in Table 1 . Overall, Candida species were identified in 13 cases (30.9%), filamentary fungi in 28 cases (66.7%), and in 3 cases (7.1%) the fungal species was unspecified. In 2 cases (4.8%) a bacterial organism was grown in addition to a fungal species. In one case a propionibacterium species was cultured in addition to Aspergillus in a patient with chronic ocular surface disease. In another case a corynebacterium species was cultured in addition to Aspergillus in a patient with a history of ocular trauma.
The causative fungus varied depending on the underlying risk factor, with Candida species most common in the ocular surface disease group, Fusarium species most common in the contact lens group, and Aspergillus species most common in the trauma group. Further details are described in Table 1 .
Sensitivity testing was reported in 16 of the cases, as shown in Table 2 . All species showed at least intermediate sensitivity to voriconazole. One Fusarium species was resistant to amphotericin.
Antifungal treatment
All patients in this study received topical antifungal therapy, as summarized in Table 3 . The most common topical treatment was a combination of voriconazole and amphotericin with 14 patients (33.3%) receiving this Aspergillus was the most common species cultured in the entire group. The most common organism cultured varied based on the underlying risk factor.
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Eye regimen. Seven patients (17%) were treated with amphotericin drops alone, 7 patients (16.7%) with voriconazole drops alone, and 5 patients (11.9%) with natamycin drops alone. The remaining nine eyes were treated with a regimen including topical econazole, miconazole, and natamycin. In addition to topical therapy, 6 eyes (14.3%) received anterior segment locally injected voriconazole. Four of these received intrastromal and intracameral voriconazole, one patient received intracameral voriconazole alone, and 1 patient received intrastromal voriconazole alone. Four of these six eyes subsequently underwent penetrating keratoplasty. Two eyes (4.8%) received intravitreal amphotericin injections. The intravitreal injections were given in conjunction with systemic antifungal agents in two cases of fungal keratitis, which presented with hypopyon due to Aspergillus species.
Twenty-two patients received systemic antifungal agents (52.4%). Two patients received intravenous voriconazole and one patient was treated with intravenous amphotericin. Ten patients received oral voriconazole. Three patients received oral fluconazole. Three patients received both oral voriconazole and amphotericin B. One patient received voriconazole, fluconazole, and miconazole. Nine of the 11 patients (82%) who underwent keratoplasty received topical antifungal agents postoperatively. The mean duration of topical treatment in these patients was 111 days (range 39-340 days, SD 100 days). One patient who received topical antifungal treatment post-operatively was found to have residual fungal infection in the remaining host cornea day 1 postoperatively. That patient received oral antifungal treatment for a further 36 days and topical antifungal agents until they underwent a second penetrating keratoplasty 4 months after the initial graft. Topical antifungal agents were continued for 210 days after the second graft with no recurrence of fungal infection. Apart from that patient, only one patient who underwent keratoplasty received oral antifungal treatment postoperatively and that was for a duration of 7 days with no recurrence of fungal infection. No other patients who were treated with topical antifungal agents postoperatively had a recurrence of fungal infection. One of the two patients who did not receive post-operative antifungal treatment had recurrent fungal infection in the graft 2 months post-operatively. That patient underwent repeated penetrating keratoplasty 5 months after the initial graft and was treated with topical antifungal agents for 3 weeks with no recurrence in the second graft.
Visual outcomes
The best recorded visual acuity following resolution of the infection and completion of antifungal treatment was recorded. The mean (range, SD) LogMAR visual acuity .28)). Visual acuity of patients who did receive corneal grafts was 1.14 (0.00-4.00 (1.29)). The two eyes with no perception of light vision had not undergone corneal transplant. Of the remaining eyes, visual acuity of eyes of patients who did not receive corneal grafts was 0.79 (−0.10 to 4.00 (1.15)). Figure 2a shows the final best recorded visual acuity in relation to risk factor for fungal keratitis. It demonstrates that, while the two patients with no identifiable risk factor had a good visual result, all other risk factor groups had a very broad range of outcomes ranging from better than 0.1 to worse than 2.0. Similarly both the graft and nongraft group had a very broad range of outcomes as demonstrated in Figure 2b .
Discussion
This study estimates the minimum incidence of Fungal Keratitis in the Republic of Ireland at 1.53 cases per million population per year. This is significantly higher than the only other population-based estimate, which was 0.32 per million population per year in the United Kingdom in which a degree of failure to report cases is acknowledged. 22 We believe that our study is less likely to underreport cases as data have been sourced from the seven microbiology laboratories which process corneal specimens directly. Our study accounts only for cases with positive microbiological findings. Cases of suspected fungal keratitis with no positive microbiological findings are not included. About 90.5% of cases were identified with positive fungal culture, which is the gold standard diagnostic test. This study is limited by the fact that it is retrospective and that a number of cases could be diagnosed in smaller private institutions. We believe that this is unlikely to be the case because significant corneal infections in the Republic of Ireland requiring laboratory analysis are referred to the seven centres in this study. However, as we cannot outrule this, we report our findings as minimum annual incidence. The use of KOH staining and confocal microscopy in addition to Gram stain, culture, and PCR testing could potentially increase the number of microbiologically confirmed cases of Fungal Keratitis in the future. In contrast to the other studies from temperate climates, we saw an increased incidence in males (57.1%) compared to females (42.9%).
While ocular surface disease has generally been reported as the main risk factor and Candida species, the most common organism in cases of fungal keratitis in temperate climates, the recent paper by Ong et al suggests that the microbiological characteristics may be changing. In their study 69.6% of cases were caused by filamentary fungi and the most common risk factor was contact lens wear, which was present in 57.1%. 20 Our study would support that trend. In our study 66.7% of cases identified filamentary organism and while pre-existing ocular surface disease was the most common risk factor in our study (18 cases (42.9%)), contact lens wear was almost as common (17 cases (40.5%)). We note that 11 of 14 contact lens wearers reported good contact lens hygiene highlighting that fungal keratitis is not a disease that occurs only with poor contact lens hygiene. Seven of eight cases due to trauma were due to a fingernail or inoculation with organic matter as would be expected, but one case surprisingly was due to a metallic foreign body. All cases of fungal keratitis in a pre-existing corneal grafts occurred, while the patient was on topical steroids.
Aspergillus species were the most common organisms isolated overall. This differs from previous studies in temperate climates, all of which identify Candida species as most common with the exception of the recently published series from London, which reported Fusarium to be equally prevalent as Candida and also with the exception of a series from Philadelphia, which identified Fusarium as the most common organism species. The study from Philadelphia incorporated a Fusarium species outbreak associated with the use of ReNu with MoistureLoc contact lens solution. 17 This contact lens solution-related outbreak was initially reported in Singapore before being identified across the United States. [25] [26] [27] [28] [29] Our study was consistent with previous studies in finding that Candida species were the most common species in patients with chronic ocular surface disease, Fusarium species were the most common in contact lens wearers and Aspergillus species are most common in patients who have suffered corneal trauma.
Visual outcomes have a very broad range from LogMAR − 0.1 (Snellen 6/5) to no perception of light. While this study is not powered to identify statistically significant differences between fungal keratitis caused by different organisms, the two eyes with no identifiable risk factors had an excellent outcome and there is an indication that the eyes in which Fusarium species were isolated have better visual outcomes than the eyes with pre-existing ocular surface disease or corneal trauma. There is also an indication that infections due to Fusarium species have a better visual outcome and that infections due to Candida are more likely to result in the necessity for corneal grafts. However this may be due to the underlying risk factors rather than the organism.
Treatment regimens in this study are varied with 12 different topical treatment regimens used for the 42 cases. Voriconazole was used either alone or in combination in 21 of 42 cases (50.0%) and amphotericin B was used either alone or in combination in 21 of 42 cases (50.0%). Natamycin was used in only 6 of 42 cases (14.3%). Local injections of antifungal agents into the corneal stroma or anterior chamber were performed in 4 of 42 cases (9.5%), all of which occurred in one clinical centre, while intravitreal injections of antifungal agents were performed only in a single other separate clinical centre. This shows variation in practices between centres, which is understandable in a relatively rare condition for which there are not widely accepted guidelines.
Eleven of 42 eyes (26.2%) underwent corneal transplantation in our study. This compares with rates of 12-25% in Philadelphia, 47.9% in Iowa, and 30-42% in London. [15] [16] [17] 19 The visual outcomes following corneal grafts varies greatly.
We found in our study that sensitivity testing is not performed routinely by many centres and when it is performed does not appear to follow a consistent protocol. We do see that Candida and Aspergillus species appear to be generally sensitive to all agents tested. A number of Fusarium species show evidence of antifungal resistance including one which was resistant to amphotericin. All samples tested in this study were either fully or partially sensitive to voriconazole. This is similar to the series from London in which sensitivity testing showed voriconazole performed best of the azoles and that all isolates in that study were either fully or partially sensitive to voriconazole. In that study 21% of filamentary samples were resistant to amphotericin, which compares to 11% in this study. 19 In conclusion, this study demonstrates that the minimum incidence of fungal keratitis in the Republic of Ireland is 1.53 cases per million population. Pre-existing ocular surface disease is the most common risk factor followed by contact lens wear and corneal trauma. The most common species is Aspergillus. Voriconazole and amphotericin are the most commonly used topical agents. Visual outcome is very broad ranging from LogMAR − 0.10 to no perception of light. The range of visual outcomes remains broad in all subgroups irrespective of risk factors, organism identified, local or systemic treatment, or corneal grafting.
Summary What was known before
K A small number of single-institution case series from the United States of America, United Kingdom, and Australia described the epidemiological features of fungal keratitis. Only one nationwide study in the United Kingdom was performed, but this acknowledged significant underreporting of cases.
What this study adds K The minimum prevalence of fungal keratitis is nearly five times that reported in the only previous published estimate. This study is more comprehensive than previously published high-quality but limited data as it captures the spectrum of fungal keratitis risk factors, treatment, microbiological findings, and outcomes for an entire nation.
